adverse health outcomes, such as NTDs. In the following analysis, we present the first attempt to evaluate the health impact of folate-biofortified rice. Analogous to previous impact studies of other biofortified staple crops 5 , we apply the disability-adjusted life years (DALYs) approach 6 to evaluate the potential health benefits of rice with a high folate content in China.
Several interventions are available to increase folate intake levels in malnourished populations, including folic acid pills supplementation, folic acid fortification and dietary diversification to increase the consumption of folate-rich foods. Implementation of these approaches can often be problematic, however. For example, in poor, rural regions, such as Shanxi Province in Northern China or Balrampur District in Northern India, where industrial fortification is not well established, folate pill distribution often does not reach the targeted individuals and dietary habits are difficult to alter. In this context, folate biofortification (that is, improving the folate content of staple crops) offers an additional approach for alleviating the burden of folate deficiency (Supplementary Discussion, section 5) 2 .
China is an important study location to evaluate folate-biofortified rice for two major reasons. First, it is not only the world leader in the production and consumption of this staple crop, but also considered one of the pioneers of R&D and commercialization of genetically modified (GM) rice 7 . In 2009, for instance, China's Ministry of Agriculture issued a bio-safety certificate to pest-resistant Bacillus thuringiensis toxin (Bt) rice, which should lead to large-scale production of this transgenic crop in about 2 to 3 years 8 . This makes rice, the world's main staple crop, an appropriate food vehicle for folate biofortification. Second, China as a riceconsuming country is characterized by large folate deficiencies and high NTD prevalence rates 9 . Each year, about 18,000 pregnancies in China are affected with an NTD (Supplementary Discussion, Table 4 ). Because of significant differences in rice consumption, folate status and the prevalence of NTDs between the northern and southern regions, a regional comparison of the health impact of folate biofortification in China will further underpin its ex-ante evaluation. Shanxi Province for instance, has one of the highest reported NTD prevalence rates in the world 10 , in part because folate intake with and recover from drought. But we hope that our model can inform the research and development process of looming downstream challenges for drought-tolerant varieties. For example, our modeling exercise emphasizes not only the importance of generalized gains in water use efficiency and early maturation traits that confer benefits across a broader range of rainfall outcomes, but also the importance of pricing; indeed, diffusion of drought-tolerant crops is likely to be especially sluggish among vulnerable farmers if their seeds cost more than conventional crops. If we seek to ensure the efficient uptake of drought-resistant varieties, demonstrating effectiveness in laboratories and test plots will be only part of a solution. The quandary of a marginal farmer in drought-prone Africa trying to figure out whether his neighbor's maize really did better than his own emphasizes how adoption of such varieties is unlikely to be as smooth and rapid as experienced previously with Bt cotton.
COMPETING FINANCIAL INTERESTS
The authors declare no competing financial interests. question is never whether drought-tolerance is better (it is), but how long it takes a farmer to discover this. Although our model is not specific to a particular crop, we parameterized the model to reflect India's experience with the diffusion of Bt cotton: after ~10 years, on-average diffusion of the crop was 90%. When we used the same parameters for drought-tolerant varieties, however, it took four times longer to reach the same level of diffusion. Similarly, when we looked at the effect of farmer aversion to risk, vulnerable (highly risk averse) farmers-the ostensible target clientele of many drought-tolerant research efforts in the public sector and in public-private partnerships-took four times longer to reach 90% diffusion than their less vulnerable (and less risk averse) peers. This trend was observed because risk-averse farmers are highly sensitive to extreme drought and to the background context that may occasionally make the drought-tolerant variety look worse than the conventional variety. For example, an extreme drought that stunts even drought-tolerant varieties would likely be catastrophic for a risk-averse farmer. And if, as expected, climate change increases the probability of severe drought, this possibility becomes even more likely and further hampers learning and adoption among vulnerable farmers in particular.
Our analysis should in no way detract from the real potential of drought-tolerance research to help poor rural households cope Health impact in China of folate-biofortified rice To the Editor: Despite efforts to reduce the burden of malnutrition, large numbers of people still consume insufficient micronutrients, including folate 1 . Folate deficiency, characterized by a suboptimal daily intake of folate (<400 µg) may lead to the onset of diseases and disorders, such as neural-tube defects (NTD), megaloblastic anemia and aggravation of iron-deficiency anemia 2 . In line with the main micronutrient deficiencies (zinc, iron and vitamin A), folate deficiency is more prevalent in less developed, nonWestern countries. In China, for instance, ~20% of the population is considered to be folate deficient 3 (for an overview on folate deficiency and NTDs, see Supplementary Discussion, sections 2 and 3, respectively). In 2007, a report in this journal by Storozhenko et al. 4 reported folate biofortification of rice by metabolic engineering. These authors proposed folate biofortification as an alternative to tackle deficiency of the micronutrient and its under the current situation and a scenario with biofortification (Supplementary Discussion, section 6). Although women of childbearing age are considered as the target group to reduce folate deficiency, the health impact refers to newborns that benefit from their mother's biofortified diet. Table 1 gives an overview of the current burden of folate deficiency, the total folate intake of women of childbearing age and the health benefits after folate biofortification of rice. The six Chinese regions are characterized by significant differences in rice consumption and current folate intake levels. The maternal intake after biofortification refers to the introduction of rice with a folate content of 1,200 µg per 100 g rice. As the average folate levels in northeast and northwest China are significantly lower than in southern China, these regions could deploy a transgenic line with a higher folate content (e.g., 1,700 μg per 100 g).
Application of the DALY approach shows that the current burden of folate deficiency in China amounts to a loss of 314,180 DALYs per year, of which 72.15% is caused by NTD mortality ( Table 1) . Although northeast China has the highest number of DALYs lost, the burden of disease is relatively higher in the northwest (that is, when DALYs are expressed per 10,000 persons). On a regional basis, the current situation is most problematic in Shanxi (northeast), Gansu (northwest), Anhui (southeast) and Guizhou (southwest) (Supplementary Discussion, Table 11 ).
bioavailable within the rice. Depending on the transgenic line, folate content in biofortified rice can be 20 to 100 times higher than that in conventional rice. In our calculations, we use 1,200 µg per 100 g raw polished grains. Taking into account potential losses after processing and the bioavailability upon ingestion, the total folate content of biofortified rice comes to 300 µg per 100 g rice. Given this efficacy, the total folate intake after biofortification can be estimated based on the current folate intake and rice consumption data of the Chinese regions (Supplementary Discussion, Table 8 ). Because of the lack of scientific evidence on the relationship between absorbed folate ('dose') and the incidence rate of NTDs caused by folate deficiency ('response'), each region is evaluated on the assumption that an average daily folate intake >400 µg prevents women from having a baby with an NTD caused by folate deficiency. The success of biofortification also depends on the coverage rate (that is, consumer acceptance of, and accessibility to, folatebiofortified rice). Our study refers to the percentage of women that switch completely to folate-biofortified rice, compared with a group of women that continues to consume traditional rice. A low and high coverage rate are included, based on previous research on acceptance of folate-biofortified rice 14 .
Finally, based on its efficacy and coverage rate, the health benefits of folate biofortified rice can be assessed by comparing the number of DALYs lost levels are sub-optimal 11 .
In the following analysis, we apply the DALYs method to quantify the burden of a disease as a single index (that is, the number of DALYs lost). This number equals the sum of the 'years lived with disability' and 'years of life lost' , which represent disability-weighted morbidity and cause-specific mortality, respectively. We use this approach to estimate the current burden of the functional outcomes of folate deficiency in a scenario with or without biofortified rice (Supplementary Discussion, section 4). Because of the lack of data on the contribution of folate deficiency to other folate-related health outcomes, only NTDs are included as functional outcomes in this impact study. NTDs result in malformations of the spine (e.g., spina bifida), skull and brain (e.g., anencephaly and encephalocele), which can be both fatal and nonfatal and are considered to be the world's most common congenital malformations (responsible for one-third of all stillbirths in China 12 ).
On the basis of a folic acid supplementation study among pregnant women, Berry et al. 13 have estimated that women in northern and southern China are able to reduce the risk of having a baby with an NTD by 85% and 40%, respectively, if they comply with the recommended intake of 400 µg of folate. In other words, 85% and 40% of all NTDs are attributable to folate deficiency in northern and southern China, respectively.
The efficacy of folate-biofortified rice depends on the levels of folate that are According to a low-and a high-impact scenario, implementing folate-biofortified rice in China would save, respectively, 116,090 and 257,345 DALYs per year. The health benefits of folate-enriched rice in China are based on daily folate intakes that are significantly higher than the recommended intake of 400 µg to tackle maternal folate deficiency and the associated risk of having a baby with an NTD caused by folate deficiency. Although rice consumption and daily folate intake in the northern regions are generally lower than in the south, the required daily folate intake can still be achieved if folate-biofortified rice is consumed. This explains the higher number of DALYs saved in high NTD risk regions, such as northeast and northwest China.
The findings support folate biofortification of rice as a valuable strategy to reduce folate deficiency and its main adverse health outcome, NTDs. Especially in poor, rural regions where other interventions have little chance of success, folate-biofortified rice seems to be an effective, complementary approach to address folate deficiency. To further improve the evaluation of the health benefits of folate-biofortified staple crops, research is needed to determine the nonlinear relationship between folate deficiency and NTDs and the contribution of folate deficiency to other health outcomes.
If folate-biofortified rice were to obtain approval, further thought would be needed as to the optimal method for its introduction in rural China. A possible scenario would be to cross the high-folate trait into rice varieties that have improved agronomic characteristics, such as the pest-resistant Bt rice, to ensure acceptance of farmers and politicians. Besides political approval, the success of folate biofortification in China will be mainly determined by the acceptance of consumers, the cost effectiveness of this intervention and the price of folatebiofortified rice.
Even though folate biofortification is a pro-poor and pro-rural intervention, it is only one of many approaches for alleviating the burden of folate deficiency. A combination of policy interventions will probably be most feasible and effective in tackling folate deficiency in all sections of the population.
Note: Supplementary information is available on the Nature Biotechnology website.
